The structure of graphite oxide: Investigation of its surface chemical groups 



D. W. Lee,*'t.t L. De Los Santos V.,+ J. W. Seo,™ L. Leon 
Felix, t'§ A. Bustamante D.,§ J. M. Cole, 1 "'!! and C. H. W. Barnes 1 " 
Cavendish Laboratory, University of Cambridge, J J Thomson Ave., Cambridge CBS OHE, United Kingdom 
Division of Physics and Applied Physics, Nanyang Technological University, 6373616 Singapore 
Laboratorio de Cerdmicos y Nanomateriales, Facultad de Ciencias Fisicas, 
Universidad Nacional Mayor de San Marcos, Ap. Postal 14-0149, Lima, Peru and 
Departments of Chemistry and Physics, University of New Brunswick, 
P. 0. Box 4400, Fredericton, NB, E3B5A3, Canada 

The structure of graphite oxide (GO) has been systematically studied using various tools such 
as SEM, TEM, XRD, Fourier transform infrared spectroscopy (FT-IR), X-ray photoemission spec- 
troscopy (XPS), 13 C solid state NMR, and O if -edge X-ray absorption near edge structure (XANES). 
The TEM data reveal that GO consists of amorphous and crystalline phases. The XPS data show 
that some carbon atoms have sp 3 orbitals and others have sp 2 orbitals. The ratio of sp 2 to sp 3 
bonded carbon atoms decreases as sample preparation times increase. The 13 C solid-state NMR 
spectra of GO indicate the existence of -OH and -O- groups for which peaks appear at 60 and 70 
ppm, respectively. FT-IR results corroborate these findings. The existence of ketone groups is also 
implied by FT-IR, which is verified by O K-edge XANES and 13 C solid-state NMR. We propose a 
new model for GO based on the results; -0-, -OH, and -C=0 groups are on the surface. 



1. Introduction 

Graphite is made up of layers of graphene, which is 
a conductive two-dimensional structure. Since it has a 
layered structure, it also has a large surface area which 
renders it suitable for intercalation or adsorption. If it 
is oxidized in air, CO and CO2 are produced. However, 
if the oxidation is carefully controlled in a laboratory, 
it becomes insulating graphite oxide (GO). After oxida- 
tion, GO still keeps a layered structure with some dis- 
tortions. Recently, GO has attracted much attention be- 
cause graphene can be manufactured with GO at low 
cost[l[ and GO can be used as a transparent and flexi- 
ble electronic material after reduction Q or reaction with 
NaOH[3]. In addition, it is reported that GO can be used 
to make metal nanoparticles[4j]. 

However, the exact structure of GO still remains 
elusive despite its various applications. Since it was 
first discovered in 1859 by Brodie[5|, four different 
preparation methods have been developed: the Brodie 
process [5], the Staudenmaier process [6j|, the Hummers- 
Offeman process [7j and anodic oxidation of graphite elec- 
trodes in nitric acid@. Four main structural models 
have been proposed for GO: Hofman's model(9|, Ruess's 
model[Tojl, Sholtz & Boehm's modelpjj, an d Lerf & 
Klinowski's model[l2|. Hofmann first proposed that 
only epoxy (-0-) groups were situated on the surface. 
Although Hofmann's model explained the existence of 
epoxy (-0-) groups, it cannot provide the information 
about other chemical groups including hydrogen. Ruess 
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suggested that the carbon layers were wrinkled and they 
consisted of trans-linked cyclohexane chairs. He first ac- 
counted for the hydrogen content in GO. Ruess's model 
was revised by Scholz and Boehm of which model says 
that ketone groups are present in GO and carbon layers 
were corrugated. 

Lerf and Klinowski proposed a new structural model 
based on solid-state NMR experiments in 1998, and their 
model has been well received. They assumed that hy- 
droxyl (-0H) and epoxy (-0-) groups exist in GO and 
carboxyl (-C00H) groups are located at the edges of lay- 
ers. In spite of the explanation on epoxy and hydroxyl 
groups, this model leaves some unanswered questions. 
First, even though the carboxyl groups are present at the 
edge region in the model, their NMR data do not con- 
firm the existence of carboxyl groups. Second, hydroxyl 
groups are closely located to each other in the model, 
causing the electrical instability because of their mutual 
electrostatic repulsion. For these reasons, Lerf s model 
needs to be revised, although Lerf et a/[13| modified their 
model with an explanation of the dynamics of chemical 
groups in GO. We conducted various experiments to in- 
vestigate the structure of GO. 

2. Experimental Methods 

A. Preparation In this work, the GO samples were 
prepared by the Brodie process [5]. The Brodie process 
is as follows: 5.0 g of graphite (99.99+% purity, 45 pm, 
Aldrich) was added into 62.5 mL of fuming nitric acid 
(HNO3). After cooling this mixture in an ice bath, 25.0 g 
of potassium chlorate (KCIO3) was slowly added. Af- 
ter the mixture had reached room temperature, it was 
placed in a water bath, heated slowly to a temperature 
of 45 °C and kept at this temperature for 20 h. Subse- 
quently, the mixture was poured into 125 mL of cold dis- 
tilled water and warmed to 70 °C, and then the mixture 
was centrifuged and decanted. The sample was washed 
three times in this manner and dried overnight at 70 °C. 
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FIG. 1: GO pictures, (a) Optical microscope image; (b)-(d) 
are SEM images; (e)-(f) are TEM images. 



b. Characterization of the samples The samples 
were characterized by powder X-ray diffraction (XRD). 
XRD patterns were recorded using a Rigaku powder 
diffractormeter with Cu K a radiation with a step size 
of 0.02°. To characterize the shape and structure of 
the samples, we also used a FEI Philips XL30 sFEG 
scanning ellectron microscope (SEM), a FEI Philips Tec- 
nai 20 transmission electron microscope (TEM), and a 
Thermo Nicolet Avatar 360 Fourier Transform infrared 
spectrometer (FTIR). The elemental compositions of the 
samples were identified by energy dispersive X-ray (EDX) 
analysis. X-ray photoemission spectroscopy (XPS) and 
X-ray absorption near edge structure (XANES) experi- 
ments were performed on the BACH beamline at Elettra 
in Italy. The 13 C solid-state NMR spectra were obtained 
at 9.4 Tesla using a Bruker AVANCE 400 MHz spec- 
trometer and 4 mm zirconia magic angle spinning (MAS) 
rotors spun in air at 6 kHz. 13 C MAS spectra with high- 
power decoupling (HPDEC) were acquired at 100 MHz 
with 100 kHz 90° pulses of 1.25 /xs duration. ^-^C 
cross-polarization (CP) MAS spectra were recorded at 
the different contact times (50 - 5050 /xs) with an incre- 
ment of 500 /is. 

3. Results and discussion 

Figure 1(a) shows a picture of the sample. It looks 
dark brown. Figure 1(b)- (d) shows the SEM images of 
the sample with different magnifications. It looks like 
coarse powders in Figure 1(b) and (c). It has straight 
lines and edges in in Figure 1(d). Figure le-f show the 
TEM images of the sample. Figure 1(e) reveals that the 
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FIG. 2: EDX analysis, (top) NaOH-GO (bottom) GO 




FIG. 3: XRD patterns of graphite, GO, and NaOH-GO. 



TABLE I: Principal characteristics obtained by XRD 



Sample 


20 maximum 


FWHM D (nm) 


d/2 (A) 


N 


Graphite 


26.82 


0.243 34.2 


3.3 


103 


GO 


12.31 


0.493 16.5 


3.6 


46 


NaOH-GO 


10.29 


0.257 31.6 


4.3 


74 



sample is made up of layers. The inset is the diffraction 
pattern of the region. Since the spot-like and circular 
diffraction patterns appear, there must be two phases: 
an amorphous phase and a crystalline phase, respectively. 
Figure 1(f) is another region of the sample. The average 
width of stripes is 22 nm (9 stripes in 200 nm). The 
stripes appear black and white in turn. The inset shows 
the crystallinity in the region of Figure If. The pattern 
is clear and spots are hexagonally arranged, indicating 
that the region is crystalline. Thus, TEM data confirm 
that GO is composed of two phase regions: amorphous 
and crystalline phases [14j . 

EDX analysis were conducted over GO and NaOH- 
reacted-GO (NaOH-GO) 0. The results are shown in 
Figure 2. GO and NaOH-GO show two big peaks. One 
is from carbon, the other is from oxygen. In addition to 
these two peaks, NaOH-GO shows a tiny peak from Na. 
The atomic ratio of C to O for GO is 6:2.2. The ratio of 
C to O and Na for NaOH-GO is 6:3.2:0.4. 
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Figure 3 compares XRD patterns of the samples; 
graphite, GO, and NaOH-GO [15j. Graphite has the main 
peak at 26.82°. After oxidation, the maximum of the 
main peak moves toward the left, meaning that the in- 
terlayer distance increases and the structure is modified. 
A small amount of diffuse scattering underlies this Bragg 
signature, implying the onset of a coexistent amorphous 
phase of GO. After GO has reacted with NaOH, the XRD 
pattern of NaOH-GO shows many peaks. These addi- 
tional peaks are due to the structural deformation which 
occurs by the decomposition of the epoxy groups into 
hydroxyl and -ONa groups. This decomposition leads to 
a marked increase in a coexistent amorphous phase of 
GO, as evidenced by the broad envelope of diffuse scat- 
tering that underlies the Bragg peaks. The XRD pat- 
terns of the samples were also analyzed with the Scherrer 
formula(l6l|. The full width at half maximum (FWHM), 
the mean crystallite diameter (D), the interlayer distance 
(d/2) and the average number of sheets in the mean crys- 
tallite (N) are given in Table 1. The interlayer distance 
increases after the oxidation. It increases further after 
the reaction with NaOH. This is because more and more 
chemical groups are formed between the layers after ox- 
idation and the reaction with NaOH. N decreases after 
graphite is oxidized. However, it increases after NaOH 
decomposes epoxy groups in GO. It might be due to space 
charges caused by the decomposition of epoxy groups. 
Oxygen atoms have higher electronegativity than car- 
bon, hydrogen, and sodium atoms (the electronegativity 
of carbon is 2.55, that of sodium is 0.93, that of hydrogen 
is 2.20, and that of oxygen is 3.44 [17]). Charges trans- 
fer from carbon, hydrogen, and sodium atoms to oxygen 
atoms because charge transfer depends on electronega- 
tivity. Sodium and hydrogen atoms bonded with oxygen 
atoms have positive charges (Na + and H + ), while oxygen 
atoms have negative charges(0 2_ ). As more hydroxyl 
groups and -ONa groups are produced between the lay- 
ers of the sample, more charges are transferred to oxygen 
atoms and more charges are localized between the layers 
because GO is an insulator. As a result, N might increase 
due to the electrostatic interaction among the chemical 
groups. 

Figure 4 shows the FT-IR spectra of the samples. 
There are four main peaks centred at 1050, 1380, 1680 
and 3470 cm -1 . The peak at 1050 cm -1 arises from 
epoxy (-0-) groups. The peak at 1680 era -1 corresponds 
to the vibrational mode of the ketone (-C=0) groups. 
The peak observed at 1380 cm -1 is assigned to a C-0 
vibrational mode. The peak at 3470 cm -1 denotes C- 
OH stretching. Peaks below 900 era -1 are not usually 
interpreted because they represent too complex a struc- 
tural signature. The peak from epoxy groups in GO be- 
comes weak after reaction of GO with NaOH which can 
decompose the epoxy (-0-) groups into hydroxyl (-OH) 
groups and -ONa groups, while the peak from hydroxyl 
groups grows bigger, revealing that more hydroxyl groups 
were produced during the decomposition of the epoxy 
groups. Thus, the FT-IR data verify the existence of 
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FIG. 4: Characterization of GO and NaOH-GO using FT-IR. 



epoxy groups in GO and demonstrate that -C=0 and 
-OH groups are present. 

To study what kind of carbon atoms are present in 
GO, XPS measurements were made on the BACH beam- 
line at Elettra in Italy. XPS spectra were acquired using 
a 150 mm VSW hemispherical electron analyzer with a 
16-channel detector. The energies of the incident photon 
were calibrated by measuring the Au 4f photoelectron 
core level. XPS spectra of the four different samples are 
exhibited in Figure 5. Graphite has two peaks in Fig- 
ure 5(a). The peak at 284.5 eV represents C-C bonds 
with sp 2 orbitalspll. The small peak at 289 eV is from 
plasmons|19j which is a collective behavior of the delocal- 
ized valence electrons of graphite. GO shows two main 
peaks at 284.5 and 287.6 eV in FIG. 5(b). The first 
peak corresponds to C-C with sp 2 [18]. The other peak 
originates from C-0 in alcohol which is bonded with sp 3 
orbitalsjlO, [ll|. No bending or warping occurs in the re- 
gions of carbons bonded with sp 2 orbitals, whilst bending 
or warping occurs in the regions of carbons bonded with 
sp 3 orbitals. Due to the bending and the coexistence 
of different orbitals, amorphous phases appear in GO. 
In reacting with NaOH (Figure 5(c) and Figure 5(d)), 
more hydroxyl groups are produced. After reacting long 
enough with NaOH, most epoxy groups ended up to be 




FIG. 5: XPS spectra of the samples; (a) graphite (b) GO (c) 
NaOH reacted GO for 1 week (d) NaOH reacted GO for 2 
weeks. 
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decomposed into -OH and -ONa groups. The XPS data 
confirm that epoxy groups in GO decompose to hydroxyl 
groups and -ONa groups. 

To identify in more detail which chemical groups are in 
GO, 13 C solid-state NMR experiments were conducted. 
In characterizing solid materials with solid-state NMR, 
it would be better to compare the high-power decou- 
pling (HPDEC) spectrum of samples with the cross- 
polarization magic angle spinning (CPMAS) spectrum 
of them, since we can know which peaks come from 
carbon atoms near hydrogen atoms by comparing the 
spectraf22l-[23|. Figure 6(a) shows the 13 C MAS spectrum 
of GO with high-power decoupling. There are four main 
peaks at 60, 70, 130 and 195 ppm from tetramethylsilane 
(TMS). Figure 6(b) illustrates the 13 C CP-MAS spectra 
of GO recorded using different contact times. The inten- 
sity of the peaks increases with contact time. The peaks 
are the most intense at 2550 /is, and their intensity de- 
creases afterwards. Figure 6(c) shows the 13 C CPMAS 
spectrum of GO with the contact time of 2550 /is, and 
four main peaks appear at 60, 70, 130 and 195 ppm from 
TMS. Compared with Figure 6(a), the intensity of the 
peak at 70 ppm in Figure 6(c) becomes bigger and the 
peak intensity at 60 ppm in Figure 6(a) is unchanged. 
Hence, the peak at 60 ppm, which does not cross-polarize, 
must come from the epoxy group [Hj, and the peak at 70 
ppm, which is influenced by the nearby hydrogen, must 
be from the hydroxyl groupj25|. The peaks at 130 ppm 
are from aliphatic groups[12j. The broad peak at 195 
ppm does not cro ss-p olarize. It could be possibly from 
ketone groups |26l - [28] . There is no 13 C peak near 175 
ppm which comes from carboxyl (-COOH) group |29l43l| . 
Since carboxyl groups have hydrogen, its 13 C peak must 
be cross-polarized if the groups are really present in the 
sample. Therefore, solid-state NMR spectra indicate that 
there are epoxy, hydroxyl, and ketone groups in the sam- 
ple. 

It is very important to check whether or not ketone 
groups are present in GO. Although the peak at 195 
ppm in the solid-state NMR spectra does not cross- 
polarize and the peak position is very similar to that 
of ketone groups, much care should be taken in inter- 
preting the data and concluding that it is from ketone 
groups. XANES is one of the powerful techniques to 
characterize materials. Although it is not easy to exam- 
ine ketone groups in GO with C if -edge XANES since 
the peak from ttc=o appears at 285 e V and overlaps with 
that of ttc=c [32] , O if -edge XANES can clearly distin- 
guish ketone groups from other chemical groups. XANES 
spectra of GO and NaOH-GO were collected in the to- 
tal electron yield (TEY) mode at room temperature, and 
they are displayed in Figure 7. Peak A at 532 eV is from 
-C=0(3l,[3i|. Peak B at 535 eV is from 0-H(35|. Peak 
D at 539 eV is assigned to C-0 in hydroxyl groups[36j. 
Since the intensity of Peak C at 537 eV decreases after 
GO reacts with NaOH, it might originate from C-0 in 
epoxy groups. Therefore, the existence of ketone, epoxy, 
and hydroxyl groups in GO is confirmed by the XANES 
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FIG. 6: (a) Solid-state 13 C NMR spectrum of sample GO ac- 
quired with high-power decoupling, (b) 13 C CP/MAS NMR 
spectra of GO acquired using different contact times, (c) 
13 C CP/MAS NMR spectrum of sample GO acquired using 
2550/is contact time. 



spectra. 

Lastly, we investigated whether the ratio of sp 2 orbitals 
to carbon atoms with sp 3 -hybridized orbitals in the GO 
is influenced by sample preparation time. Three more 
samples were prepared by the Brodie method, and they 
were characterized by XPS. The peaks of sp 2 and sp 3 
orbitals were fitted with a Gaussian function, and the 
ratio is plotted in Figure 8. Figure 8 displays the ratio 
of carbon atoms with sp 2 orbitals to carbon atoms with 
sp 3 -hybridized orbitals in the GO samples against their 
preparation time. The line in Figure 8 shows the least 
squares fit of an exponential function. This shows that 
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FIG. 7: O K-edge XANES spectra of the samples; (a) GO 
(b) NaOH-GO. 
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FIG. 8: The ratio of sp 2 - to sp 3 -bonded carbon atoms in the 
GO samples. 



the ratio asymptotically approaches 0.3 ± 0.1. This sug- 
gests that it is not possible to prepare GO samples with 
only sp 3 -hybridized orbitals irrespective of the prepara- 



tion time. 

Figure 9 proposes the new model for GO in response to 
all results. As the hydroxy 1 groups have strong repulsion, 
they are not located close to each other. Even though 
they seem to be located randomly in GO, two neighbor- 
ing hydroxyl groups are located on the opposite sites to 
decrease the repulsive force between them. Epoxy groups 
are also separated far from hydroxyl groups in order to 

o o 




FIG. 9: New structure proposed for GO. 



be electrically stable. Ketone groups are also present in 
GO 

Conclusions We investigated the structural proper- 
ties of graphite oxide (GO) with SEM, TEM, XRD, FT- 
IR, XPS, 13 C solid-state NMR, and XANES. The TEM 
data show that GO consists of two regions: amorphous 
and crystalline. The existence of epoxy, hydroxyl, and 
ketone groups is corroborated by 13 C solid-state NMR, 
FT-IR, and XANES spectra. According to XPS data, 
GO is composed of two kinds of carbon atoms and the 
epoxy groups are vulnerable to NaOH. We finally pro- 
pose a new model for GO, and it is illustrated in Figure 
9. 
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